During critical periods of development, the brain easily changes in response to environmental stimuli, but this neural plasticity declines by adulthood. By acutely disrupting paired immunoglobulin-like receptor B (PirB) function at specific ages, we show that PirB actively represses neural plasticity throughout life. We disrupted PirB function either by genetically introducing a conditional PirB allele into mice or by minipump infusion of a soluble PirB ectodomain (sPirB) into mouse visual cortex. We found that neural plasticity, as measured by depriving mice of vision in one eye and testing ocular dominance, was enhanced by this treatment both during the critical period and when PirB function was disrupted in adulthood. Acute blockade of PirB triggered the formation of new functional synapses, as indicated by increases in miniature excitatory postsynaptic current (mEPSC) frequency and spine density on dendrites of layer 5 pyramidal neurons. In addition, recovery from amblyopia-the decline in visual acuity and spine density resulting from long-term monocular deprivation-was possible after a 1-week infusion of sPirB after the deprivation period. Thus, neural plasticity in adult visual cortex is actively repressed and can be enhanced by blocking PirB function.
INTRODUCTION
During postnatal development, the capacity of the brain to undergo experience-dependent changes in synaptic strength and circuit connectivity is dynamically regulated, with plasticity peaking during developmental critical periods and then decreasing with maturation (1-3). Critical periods are key times when sensory experience is necessary for normal circuit development and when abnormal experience can generate enduring anomalies in brain structure and function (2, 4) . Ocular dominance (OD) plasticity is a graphic example of experience-driven synaptic and circuit plasticity. Children born with congenital cataract in one eye will suffer amblyopia-a loss of visual acuity-if not corrected early in life (5, 6) . Monocular visual deprivation (MD) has been used in animal models of amblyopia to understand underlying mechanisms. After a brief period of MD or enucleation (ME) during juvenile life, visually driven responses of neurons in the binocular zone of mammalian primary visual cortex (V1) shift toward the open eye, and cortical territory containing neurons responding to open-eye stimulation expands, whereas closed-eye responses weaken and territory shrinks (3, 7, 8) . These effects are maximal around postnatal day 28 (P28) in mice and decrease thereafter; by adulthood, little OD plasticity resulting from eye closure can be detected, particularly with shorter periods of deprivation (7) (8) (9) (10) (11) . Furthermore, a long-term period of MD (LTMD) spanning the entire critical period (for example, P19 to P47) generates an enduring loss of acuity and cortical function in the deprived eye-even if binocular vision is restored in adulthood (4, 12, 13) . This normal decrease in plasticity by adulthood, although important for stabilizing neural circuits, acts as a barrier to recovery after injury because it limits cortical reorganization, can lock in effects of dysfunctional development, and even opposes acquisition of new learning. If adult neural circuits could be returned to an immature state, critical periods might be effectively reopened, facilitating recovery after nervous system damage, leading to new treatments for neurodegenerative or developmental disorders, or even enhancing learning in healthy individuals.
A limited number of candidate molecules that appear to act as endogenous negative regulators of cortical plasticity have been identified (14) (15) (16) (17) (18) . One such molecule, paired immunoglobulin-like receptor B (PirB), is expressed in cortical and hippocampal neurons as well as in some immune cells (14) . In the nervous system, PirB binds several ligands, including major histocompatibility complex (MHC) class I proteins, NogoA, and myelin components (19, 20) . Both in immune cells and neurons, ligand binding recruits SHP-1 and SHP-2 phosphatases (14, 21) . SHP recruitment requires PirB phosphorylation on its ITIM (immunoreceptor tyrosine-based inhibitory motif) domains (21, 22) . In neurons, cofilin is also recruited to PirB, leading to changes in the actin cytoskeleton (20) .
Germline PirB -/-mice have enhanced OD plasticity not only during the critical period but also beyond, and they recover more rapidly in a stroke model (14, 23, 24) . PirB and its human ortholog, leukocyte immunoglobulin-like receptor, subfamily B, member 2 (LilrB2), bind soluble b amyloid oligomers, and germline PirB deletion rescues OD plasticity and hippocampal deficits in a mouse model of Alzheimer's disease (AD) (20) . However, it remains unknown whether the enhanced OD plasticity and stroke recovery in germline PirB -/-mice are due to early developmental changes, or whether PirB acts at all ages to limit plasticity, which would make it an attractive therapeutic target for drug development. Because PirB is a receptor, signaling can be modulated by conditional genetic knockout or by interfering with ligand binding (19) . If PirB functions throughout life, disrupting PirB should enhance plasticity or facilitate recovery at any age.
RESULTS

Genetic deletion of PirB enhances OD plasticity
To disrupt PirB function with temporal control, a conditional allele of PirB was generated by inserting loxP sites surrounding exons 10 to 13, which contain the transmembrane domain and first ITIM domain of PirB (14) (Fig. 1A) . To obtain robust widespread deletion, this PirB flox mouse line was crossed with a transgenic mouse line expressing tamoxifen-inducible CreER T2 on a ubiquitin C promoter (25) . The resulting Ubc-CreER
T2
; PirB flox/flox mice were bred with PirB flox/flox mice, producing experimental Ubc-CreER T2 ; PirB flox/flox animals (henceforth called Cre + ) as well as PirB flox/flox (Cre -) littermate controls. Tamoxifen injections given either neonatally or after critical period closure induced robust deletion of the floxed allele from genomic DNA within 1 week (Fig. 1B) . PirB protein loss was more gradual; for example, daily tamoxifen treatment from P3 to P7 diminished PirB protein in the forebrain by ∼90% by P27 (Fig. 1, C and D) . A similar gradual loss of protein was seen at P70 after tamoxifen treatment from P45 to P49 (Fig. 1, C and E) . Thus, tamoxifen administration substantially reduced PirB protein levels by the peak of the OD critical period at P28 (7), as well as in adulthood by P70.
To assess whether OD plasticity during the critical period is increased by acute postnatal removal of PirB, mice received ME from P28 to P32. At P32, we used the method of Arc mRNA induction to assess how much the functional representation of the spared eye had expanded within visual cortex (8) . Arc is an immediate early gene induced within minutes of visual stimulation, and the up-regulated mRNA can be detected in cortical neurons functionally driven by the stimulated eye (26) . We measured the horizontal extent of the Arc mRNA in situ hybridization signal along L4 of visual cortex ipsilateral to the spared, stimulated eye (Fig. 2, A to C, and fig. S1 ). This expansion in width of Arc mRNA signal is a reliable measure of open-eye strengthening after visual deprivation and correlates well with other methods used to assess OD plasticity including single unit electrophysiology (7, 8, 27, 28) , visual evoked potentials (VEPs) (8, 11, 29) , or intrinsic signal imaging (8, 24, (30) (31) (32) (33) . The width of Arc mRNA induction does not expand in transgenic mice known to lack OD plasticity as measured by other methods (20, 28, 33) , whereas there is an increase in width of Arc mRNA signal in mice known to have increased OD plasticity (14, 15, 24) .
As expected during the critical period, 4 days of ME in either Cre + or Cre -mice caused substantial expansion in width of Arc mRNA signal as compared to normally reared controls (Fig. 2, B to E). However, in mice lacking PirB (Cre + ), the spared-eye representation expanded 21% more than control (Cre -) littermates, whereas in normally reared mice, there was no difference between genotypes in the width of Arc mRNA signal induced by stimulation of the ipsilateral eye (Fig. 2E) . A two-way analysis of variance (ANOVA) confirmed a significant interaction effect between visual manipulation and genotype (P < 0.0001). To further facilitate comparisons between genotypes, a plasticity index was calculated by normalizing the width of Arc mRNA induction after ME to the normally reared value for each genotype. The plasticity index in Cre + mice is 23% higher than that in Cre -mice ( fig. S2A ), consistent with the absence of PirB. These observations imply that PirB does not act only early in fetal life, but rather actively represses OD plasticity during the critical period.
In developing wild-type animals, OD plasticity decreases between P35 and P40 (the end of the critical period), and short periods of MD or ME (3 to 4 days) thereafter have little effect on OD (7-11). To determine whether decreasing PirB function might enhance plasticity in adulthood, tamoxifen was administered from P45 to P49 (Fig. 2F) , which resulted in an almost complete loss of PirB protein by P70 (Fig. 1, C and E). Then, these adult mice received ME from P70 to P74, weeks after the critical period has normally closed. As with juvenile mice, at P74, there was no significant difference in baseline width of Arc mRNA signal between genotypes in normally reared controls (Fig. 2, G to I ). There was also no significant difference in width of Arc mRNA signal after ME from P70 to P74 in Cre -controls, as expected, given the brief 4-day period of deprivation at this older age. However, we observed a significant expansion of open-eye representation (P = 0.0004) in Cre + mice (which lacked PirB) with 4 days of ME (Fig. 2, H and I, and fig.  S2B ). In adults, as in juveniles, a two-way ANOVA confirmed that there was a significant interaction between visual manipulation and genotype (P = 0.04). Although the magnitude of adult OD plasticity was reduced in all genotypes as compared to that observed during the critical period, deletion of PirB in adults was sufficient to enhance OD plasticity and to Postnatal deletion of PirB from excitatory neurons enhances adult OD plasticity In the experiments above, a ubiquitously expressed Cre recombinase was used to achieve robust deletion of PirB in all cells. Next, we investigated whether loss of PirB specifically in forebrain excitatory neurons was sufficient to enhance OD plasticity. PirB flox/flox mice were crossed with a CamKIIa-Cre line, which expresses Cre exclusively in forebrain excitatory neurons (34, 35) , generating CamKIIa-Cre; PirB flox/flox conditional knockouts, and CamKIIa-Cre; PirB +/+ littermate controls. PCR genotyping of brain and ear confirms brain-specific deletion of the floxed region of PirB (Fig. 3A) . To confirm the spatial pattern of Cre deletion, CamKIIa-Cre mice were also crossed to the Ai14 TdTomato reporter line (36) . Results show faithful Cre activity at P30 in pyramidal neurons of hippocampus and cortex (Fig. 3B) . Previous studies have shown that excision of floxed regions of DNA in this Cre line is gradual, with complete deletion occurring around 3 months of age (35) , permitting us to examine effects of PirB deletion in adulthood.
CamKIIa-Cre; PirB flox/flox conditional knockouts, and CamKIIa-Cre; PirB +/+ littermate controls received 10 days of ME from P100 to P110, followed by assessment of OD plasticity. Open-eye expansion in visual cortex in CamKIIa conditional knockout mice was ∼13% greater than in littermate controls ( Fig. 3C and fig. S2C ), suggesting that postnatal deletion of PirB from excitatory neurons is sufficient to increase OD plasticity by P110. A two-way ANOVA confirmed significant interaction between visual manipulation and genotype (P = 0.007). Furthermore, this increase is similar in magnitude to previous observations of enhanced OD plasticity in adult mice with PirB germline deletion (14) , implying that loss of PirB function in excitatory neurons may be largely responsible for the observed PirB -/-phenotype.
Blockade of PirB ligand binding rapidly enhances OD plasticity
The genetic approaches used above excise PirB from the genome postnatally, but the ensuing loss of PirB protein is gradual and widespread.
These experiments establish that PirB actively functions throughout the animals' lives. Next, a molecular-pharmacological approach was used as a proof-of-concept for a therapeutic reagent that blocks PirB function and to achieve rapid and local disruption of PirB function within visual cortex. We generated a soluble PirB ectodomain (sPirB) protein, containing the first six immunoglobulin G (Ig)-like domains and His and Myc tags for purification and detection (Fig. 4A ). Soluble ectodomains of receptors act as "decoys" to sequester endogenous ligands, thus reducing ligand binding and subsequent receptor signaling. They have been used frequently in experimental contexts, and several are currently on the market as therapeutics (37) (38) (39) . Previous studies have demonstrated that soluble versions of the full PirB ectodomain with similar sequence to the one used here can bind known PirB ligands including MHC class I (14, 21, 40) ; myelin components NogoA, OMgp, and MAG (19); and b amyloid oligomers (20) . However, the PirB ectodomain has never been used therapeutically. sPirB would be expected to block PirB binding to endogenous ligands and therefore reduce downstream signaling. We transfected a plasmid coding for sPirB into human embryonic kidney (HEK) 293 cells, and the recombinant protein was then secreted into culture supernatant. We detected sPirB by Western blotting against both the Myc tag and the PirB ectodomain (Fig. 4B) . sPirB was then produced at large scale and purified via Ni-His column. Next, either sPirB or bovine serum albumin (BSA) was infused into visual cortex (V1) of wild-type mice during the critical period via osmotic minipumps. To assess efficacy of sPirB infusions, we implanted minipumps at P21. At P28, cortical tissue was harvested posterior to the implantation site in the infused and contralateral hemispheres, as well as in uninfused littermates. PirB phosphorylation (14) was decreased in visual cortex posterior to the infusion site compared to both the contralateral hemisphere and untreated littermate controls (Fig. 4C) . Eleven days after implantation, extensive diffusion of sPirB can be detected by anti-Myc immunostaining of sections (Fig. 4D ) across visual cortex as far as 2 mm posterior to the infusion site (fig. S3B) ; no anti-Myc staining was detected in BSA-infused control brains (Fig. 4D and fig. S3C ).
Minipump infusion of sPirB into visual cortex of wild-type mice for 11 days during the critical period (P21 to P32), combined with ME from P28 to P32, resulted in a pronounced expansion in width of visual cortex containing neurons functionally driven by the open (ipsilateral) eye, as assessed with Arc mRNA induction (Fig. 4E) . By this measure, OD plasticity was 24% greater with sPirB infusion than in controls infused with an equivalent concentration of BSA (Fig. 4F and fig. S2D ); a twoway ANOVA confirmed significant interaction between visual manipulation and treatment (P < 0.0001). Because the infusion was local and limited to an 11-day period beginning at the onset of the critical period (7, 8) , the results of this experiment help to narrow considerably the spatiotemporal window in which PirB acts to suppress plasticity. Together with the tamoxifen-inducible PirB knockout results presented above, our data suggest that PirB actively suppresses plasticity locally in visual cortex during the critical period for OD plasticity.
Substantial OD plasticity could be restored to the visual cortex of adult wild-type mice after minipump infusions of sPirB from P63 to P74. ME from P70 to P74 resulted in significant expansion of the functional representation of the open eye in the presence of sPirB, but not BSA (Fig. 4, G and H, and fig. S2E ). This effect of sPirB was twice as large as that of tamoxifen-driven PirB excision in adult mice (compare Fig. 2I ). In contrast, there was no significant effect of 11-day minipump infusions of either BSA or sPirB on the width of Arc mRNA induction after stimulation of the ipsilateral eye in mice reared with normal vision increases open-eye expansion in adult mice after ME from P100 to P110. NR WT: n = 5 mice versus NR cKO: n = 4, P = 0.91. ME WT: n = 8 mice versus ME cKO: n = 5, P = 0.006. NR versus ME WT: P = 0.39, NR versus ME cKO: P = 0.0002, by two-way ANOVA with Tukey post hoc test. **P < 0.01, ***P < 0.001. (Fig. 4H, NR sPirB) . Consistent with the idea that sPirB affects the expansion rather than the baseline width of Arc induction, a two-way ANOVA detects a significant interaction effect between visual deprivation and treatment (P = 0.001).
We further assessed the effect of sPirB on adult OD plasticity using MD (as opposed to ME). In adult mice, a brief period of MD such as 3 days does not usually produce a shift in OD favoring the open eye (confer Fig. 4, H and I) (7, 10, 11, 41) . Therefore, we examined whether MD from P70 to P73, coupled with sPirB treatment, would result in open-eye expansion. Similar to results with ME, sPirB-treated adult mice receiving MD had a significant increase in open-eye expansion, with no change in BSAtreated controls (Fig. 4I and fig. S2F ). Therefore, in adult visual cortex, sPirB treatment during brief periods of either MD or ME generates detectable OD plasticity.
PirB binds multiple ligands (19, 40) , which themselves can bind to other receptors (19, 40) , possibly accounting for the observation that sPirB has a larger effect on OD plasticity than genetically induced deletion of PirB. To test this idea, we infused sPirB or BSA by minipumps into adult germline PirB -/-mice, which also received 4-day ME (P70 to P74). Germline PirB -/-mice implanted with BSA minipumps demonstrated the expected increase in OD plasticity (14, 24 ) when compared to wildtype mice receiving BSA (Fig. 4, H and J) . However, there was no additional effect of sPirB infusion compared to BSA infusion in PirB -/-mice (Fig. 4J ). This lack of effect of sPirB infusion in adult PirB -/-visual cortex suggests that endogenous PirB is required to enhance OD plasticity and that the pharmacological blockade is PirB-specific. Together with results from the tamoxifeninducible PirB mice, these findings indicate that acute, specific manipulations that delete or block PirB function are sufficient to enhance OD plasticity even when administered well beyond the end of the critical period.
sPirB increases spine density and functional synapses on L5 pyramidal neurons There is a significant increase in spine density on the apical tufts of L5 pyramidal neurons in the visual cortex of germline PirB knockout mice reared with normal vision. It has been proposed that these extra spines activated by open-eye stimulation after ME is greater after sPirB infusion than with BSA. NR BSA: n = 4 mice, NR sPirB: n = 4, ME BSA: n = 5 versus ME sPirB: n = 6, P < 0.0001, by two-way ANOVA and Tukey post hoc test for all comparisons indicated. (G to I) sPirB infusions into adult WT visual cortex; timeline as shown. (G) Example of Arc mRNA situ hybridization micrographs at P74. Scale bar, 500 mm. (H) Graphs comparing width of Arc mRNA signal in L4 after stimulation of the ipsilateral (open) eye. sPirB infusion from P63 to P74 enhances open-eye expansion after ME. NR BSA: n = 4 mice versus NR sPirB: n = 4, P = 0.99. ME BSA: n = 4 versus ME sPirB: n = 5, P = 0.0004. NR versus ME BSA: P = 0.88, NR versus ME sPirB: P < 0.0001. (I) sPirB infusion coupled with 3 days of MD also enhances OD plasticity. (J) sPirB infusion has no effect on OD plasticity when infused into visual cortex of PirB -/-mice. ME PirB -/-BSA: n = 5 mice versus ME PirB -/-sPirB: n = 5, P = 0.95, ME PirB -/-BSA versus ME WT BSA: P = 0.034. MD BSA versus MD sPirB: n = 4 mice per group, P = 0.036. *P < 0.05, ***P < 0.001, ****P < 0.0001, by two-way ANOVA and Tukey post hoc test.
represent a preexisting structural substrate that is then recruited for the more rapid and robust OD plasticity observed in these mice (24) . Indeed, previous sensory experience in visual or auditory systems increases plasticity, and is accompanied by increased structural connectivity (41) (42) (43) (44) . We tested whether PirB might contribute to these structural changes.
sPirB infusion might trigger an increase in spine density even without visual deprivation. To test this hypothesis, visual cortex of normally reared wild-type Thy-1 YFP-H transgenic mice (45) , in which cortical L5 pyramidal neurons are yellow fluorescent protein (YFP)-labeled, received minipump infusions of either sPirB or BSA from P63 to P74 (Fig. 5, A and B) . Spines on apical dendrites of L5 pyramidal neurons were examined in the binocular zone at a distance posterior to the infusion site comparable to that studied above for assessment of OD plasticity. In this region after sPirB infusion, pyramidal neuron somata, dendrites, and spines appeared intact and healthy, without fragmentation or blebbing (Fig. 5A) . Spine density on L5 apical dendritic tufts of animals reared with normal vision was 38% greater in the presence of sPirB than of BSA (Fig. 5B) . Spine density on L5 neurons in the uninfused hemisphere was not altered, and a two-way ANOVA confirms a significant interaction effect between hemisphere and treatment (P = 0.03). The observed density increase could arise if sPirB acts on a subclass of dendritic spines. However, after an 11-day infusion of either sPirB or BSA, there was no significant difference in the proportion of spines classified as mushroom, thin, or stubby (46) (fig. S4B ). Together, results show that in adult visual cortex, it is possible to generate a local increase in spine density on L5 neurons by infusing sPirB, even in the absence of a visual manipulation or deprivation.
To examine whether the increase in spine density represents new functional synapses, miniature excitatory postsynaptic currents (mEPSCs) were recorded from L5 pyramidal neurons in slices of visual cortex (P70 to P77), after 7 to 11 days of sPirB minipump infusion in vivo, in mice reared with normal binocular vision (Fig. 5C ). mEPSC frequency was significantly greater after sPirB treatment than in BSA littermates (Fig. 5D) , with no change in mEPSC amplitude (Fig. 5E ). This finding is consistent with the idea that sPirB infusion causes an increase in synaptic connectivity, suggesting that newly formed spines represent sites of functional synapses. sPirB treatment after LTMD enables recovery of spine density LTMD is a well-studied animal model of amblyopia because it involves an experience-dependent developmental loss of function in the deprived eye (47, 48) . In rodents, LTMD profoundly decreases visual acuity, as well as the number of cortical neurons visually driven by the deprived eye. There is little, if any, recovery, even after restoration of binocular vision (4, 12, 13, 17, 49) . It has been proposed that a decrease in dendritic spine density underlies these functional deficits (4, 49) . For example, LTMD generates a significant decline in spine density on basolateral dendrites of L5 pyramidal neurons contralateral to the deprived eye (49) .
Given the rapid and generative effect of sPirB on spine density and mEPSC frequency described above in normal visual cortex, we wondered whether sPirB treatment might generate a spine density increase that could facilitate recovery from LTMD. Thy-1 YFP wild-type mice were either normally reared or received LTMD spanning the entire critical period for OD plasticity (P19 to P47). At P47, the deprived eye was reopened to restore binocular vision for 1 week. Then at P54, minipumps containing either sPirB or BSA were implanted in the visual cortex contralateral to the deprived eye until P61 (Fig. 6A) , at which time, spine density on L5 basolateral dendrites was measured.
LTMD caused a 28% decrease in spine density along L5 basolateral dendrites in BSA-treated controls despite 2 weeks of subsequent binocular vision (Fig. 6 , B and C), as expected from previous studies (4, 49) . In contrast, the spine loss accompanying LTMD was almost entirely reversed by minipump infusion of sPirB. There was a 57% greater basolateral dendritic spine density in sPirB-treated animals than in LTMD BSA-treated controls, essentially restoring spine density to levels of BSAtreated controls reared with normal vision (Fig. 6C) . There was no detectable change in overall distribution of basolateral spine types ( fig. S4D ), similar to observations above for L5 apical dendrites. In addition, in normally reared littermates infused with sPirB, spine density increased on basolateral dendrites compared to normally reared BSA-infused controls, demonstrating that sPirB infusion can increase spine density not only on apical tufts of L5 pyramidal neurons (compare Fig. 5B ) but also on their basolateral dendrites (Fig. 6C) . Together, these results demonstrate that sPirB treatment just for 1 week can reverse spine loss resulting from LTMD even when infused after a delay following eye reopening. sPirB induces recovery of visual acuity after LTMD To assess whether the recovery in spine density could mediate recovery of visual function, VEP recordings were made from cortical layer 4/5 to measure spatial frequency acuity. This method is well established, is highly sensitive, and tightly correlates with behavioral and single unit measurements of visual recovery after LTMD (4, 12, 17, 49, 50) . Moreover, because the effects of sPirB minipump infusions are restricted to a local region of visual cortex (Fig. 5B and fig. S3B ), VEPs are well suited to assess recovery of deprived eye function specifically within the infused region. Visual acuity is measured by varying the spatial frequency of visual stimuli and monitoring the amplitude of VEP responses (Fig. 6D) (4, 12) .
In normally reared Thy-1 YFP wild-type mice, visual acuity measurements were similar to previously reported values, about 0.55 ± 0.1 cycles per degree (Fig. 6E, shaded region) (17, 29, 50) . After 4 weeks of LTMD from P19 to P47, BSA-treated control animals experienced a marked loss of visual acuity, with responses above noise level only to a maximum spatial frequency of 0.05 cycle per degree (Fig. 6, D and E). This severe (85 to 90%) reduction in acuity (Fig. 6E) persisted for 2 weeks even after restoration of binocular vision, including 1 week of BSA minipump treatment. The lack of recovery is consistent with previous results, suggesting that binocular vision alone is not sufficient for recovery of visual function after the critical period (4, 12, 13, 17, 49) .
In contrast, there was significant improvement in visual acuity in mice receiving a 1-week minipump infusion of sPirB (Fig. 6, D and E) . Although the degree of recovery was variable among animals, 50% of the sPirB-treated mice recovered visual acuity to 0.4 cycle per degree or higher, nearly the normal range for unmanipulated mice (Fig. 6E) . Even the remaining sPirB-treated mice regained acuity higher than that measured in the highest LTMD BSA-treated controls. These results suggest that after just 1 week of sPirB treatment, there was significant functional recovery of visual acuity in the deprived eye and that, in some cases, visual function rapidly recovered to nearly normal levels.
DISCUSSION
There are several major findings from this study. First, by acutely disrupting the function of the endogenous receptor PirB, we find that OD plasticity in visual cortex of adult mice can be enhanced long after critical period closure. Two independent but complementary methods were used: genetic deletion of PirB with temporal control and blockade of ligand binding with a sPirB decoy protein. Both methods generated enhanced OD plasticity, not only during the critical period but also in adulthood, phenocopying germline PirB knockouts (14, 24) . These observations suggest that endogenous PirB actively acts to repress cortical plasticity throughout life, validating PirB as a target for therapeutic interventions that could improve recovery from injury, correct dysfunctional developmental plasticity, or perhaps even temporarily enhance learning in normal individuals.
Second, we report that in a model of amblyopia, it is possible to reverse the loss of both the spines and the visual acuity in cortex after LTMD by restoring binocular vision coupled with an infusion of sPirB. Last, sPirB infusion into the visual cortex of normally reared mice produced rapid increases in spine density and functional synapses on L5 pyramidal neurons. Although motor learning (51, 52) , sensory enrichment (52), or brief MD (44) all have been shown to produce rapid increases in spine density, sPirB treatment produces a larger magnitude change and does so in the absence of novel stimuli or training. Together, our observations imply that targeting and disrupting PirB function increase synaptic connectivity and plasticity, even after the critical period. Because PirB is expressed by pyramidal neurons throughout the neocortex (14), our results may also apply to cortical areas other than the visual system. sPirB as an acute regulator of spine and synapse density Infusion of sPirB decreases PirB downstream signaling (Fig. 4C) , consistent with its previously demonstrated sequestration of endogenous PirB ligands (14, 19, 20, 23) . In adulthood, acute blockade with sPirB results in enhanced OD plasticity and produces a rapid increase in spine density and mEPSC frequency, even in the absence of altered vision. Many interventions that affect synaptic connectivity and spine dynamics also enhance OD plasticity, including transplantation of inhibitory neuron progenitors (53) or disruption of NgR1-NogoA function (16, 54, 55) . Spine density increases also correlate with enhanced subsequent plasticity (41, 44) : new spines generated during an initial MD can be co-opted for more robust OD plasticity during a subsequent MD (24, 41, 44) . . Loss of acuity with LTMD is reversed after just 1 week of sPirB infusion (NR, n = 6 mice versus BSA LTMD, n = 5 mice, P = 0.004. sPirB LTMD, n = 4 mice versus BSA LTMD, P = 0.016). *P < 0.05, **P < 0.01, by U test.
Furthermore, in germline PirB
-/-mice, enhanced OD plasticity is associated with a large increase in spine density on L5 neurons and an increase in the magnitude of L4 to L2/3 long-term potentiation (LTP) in visual cortex (24) . Collectively, these experiments connect an increase in spine density and functional connectivity to enhanced synaptic plasticity. Thus, sPirB may generate greater OD plasticity by creating a more highly interconnected structural substrate that can be accessed for more rapid and robust synaptic change.
sPirB as a potential therapy for recovery from amblyopia LTMD throughout the critical period, used here as an animal model of amblyopia, leads to a profound loss of visual acuity, as well as to loss of visual responsiveness of cortical neurons to stimulation of the deprived eye; both are highly resistant to recovery even when binocular vision is subsequently restored (4, 12, 13, 17, 49) . Decreases in spine density on both L2/3 pyramidal cells (4) and pyramidal neurons throughout cortex have also been reported after LTMD or chronic MD (49) . Although reversal of this spine loss on cortical pyramidal neurons has been seen, reversal required that the formerly open eye be sutured closed in combination with fairly disruptive treatments such as chondroitinase ABC to digest extracellular matrix (4), or 10 days of dark exposure followed by visual stimulation (49, 56) . Recovery of spines in both of these cases was accompanied by robust recovery of VEP acuity. In our study, we found that sPirB infusion, combined with binocular vision, was sufficient by itself to bring spine density values and VEP acuity estimates close to normal. Visual acuity as measured by VEPs predicts physiologically relevant recovery of visual function in the deprived eye, indicating that vision through the deprived eye in sPirB-treated mice has greatly improved (4, 43, 44) . Together with the data on spine recovery, these results suggest that sPirB can enable significant structural and functional recovery from amblyopia after LTMD within just 7 days of treatment.
These observations imply that sPirB-a soluble receptor ectodomainis a potential therapeutic agent, and they provide proof-of-concept for generating other PirB blocking reagents. The standard treatment for human amblyopic patients mandates early intervention during a developmental critical period and involves alternating patching between the two eyes to strengthen the amblyopic eye, but this treatment interferes with development of binocular depth perception (6) . There are several PirB homologs in humans (LilrBs), and LilrB2 protein is expressed in the human brain (25) . Targeting LilrB2 or other members of the LilrB receptor family might permit recovery from amblyopia without requiring eye patching, as implied by the results of the LTMD experiments in mice.
There are a number of limitations and issues to consider in translating our findings. First, it would be important to determine whether the increase in spine density and functional recovery from amblyopia persists stably beyond the period of sPirB infusion. Second, it is possible that a longer infusion or higher concentration of sPirB would produce a more robust recovery for all animals. In addition, rather than minipump infusions, it would be preferable to develop a small-molecule drug that can cross the blood-brain barrier. Finally, as mentioned above, LilrB2 is present in human brain, but because there are other family members, it will be important to characterize their expression and function in human central nervous system. PirB: An endogenous target for manipulations of synapse and systems-level plasticity Our observations add to a growing body of research that has unmasked active roles for molecules in the brain acting as negative regulators of functional and structural plasticity both in development and in adulthood (17, 50, 54) . In the case of PirB, this negative regulation may also be hijacked, as in AD, where b amyloid oligomers bind to PirB/LilrB2 with nanomolar affinity, resulting in loss of OD plasticity and deficits in cortical and hippocampal synaptic plasticity (20) . Thus, sPirB and human soluble receptor homologs might even be viable therapeutics for AD. By generating a recombinant sPirB protein, we have demonstrated a use for selectively blocking PirB receptor interaction with endogenous ligands. These results further support the value of creating PirB/LilrB antagonists that cross the blood-brain barrier, enhancing plasticity and increasing synapse and spine density in cases of disease, dysfunction, injury, or even for cognitive enhancement in normal individuals.
MATERIALS AND METHODS
Study design
The objective of this study was to devise methods to delete PirB function acutely, then monitor the effects on measures of synaptic and OD plasticity, and recovery from LTMD. Two methods were used: tamoxifeninduced PirB deletion via a PirB conditional allele, or sPirB minipump infusion. Because OD plasticity is induced by changes in visual experience, experiments were designed to capture an interaction effect between genotype/treatment and visual manipulation; four groups and a two-way ANOVA design were used to test for interactions. All experiments were performed blind to genotype and/or treatment. Littermates were used to control for genetic variation, and mice were randomly assigned to different visual manipulations and treatments within a litter. To detect genotype effects similar or greater than those previously reported, sample sizes were chosen on the basis of a statistical power of 80% with an a value of 0.05 (14, 24) . The number of replicate measurements and animals is given in each figure legend.
Mouse strains
PirB
-/-and PirB flox/flox mice were generated as described (14) . A PirBWT line was maintained on the same background and used for all minipump infusion experiments performed during the critical period (P21 to P32). For adult minipump experiments (P63 to P74), PirBWT and PirB -/-mice were crossed with the Thy-1 YFP-H transgenic line (JAX #003782), which expresses YFP in a subset of L5 pyramidal neurons (45) . For inducible knockout experiments, UbC-CreER T2 mice (JAX #007001) (25) were bred with PirB flox mice to generate UbC-CreER T2 ; PirB flox/flox mice and PirB flox/flox littermates. For conditional knockout experiments, CamKIIa-Cre; PirB flox/+ mice (57) were bred with PirB flox/+ mice to generate CamKIIa-Cre; PirB flox/flox mice and CamKIIa-Cre; PirB +/+ littermates. CamKIIa-Cre mice were also bred with Ai14 TdTomato reporter mice (36) . All experiments were performed in accordance with protocols approved by Stanford University Animal Care and Use Committee in keeping with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. sPirB protein production To create a sPirB mimic, the PirB ectodomain was cloned into a plasmid containing a His tag for purification and a Myc tag for antibody detection with a sequence identical to previous publications (14, 19, 20, 40) . For minipump infusions, Invitrogen Custom Services produced sPirB in larger quantities in FreeStyle HEK293 cells and purified it on a nickel column (Ni-His, Invitrogen).
Osmotic minipump implantations and sPirB infusion
Craniotomies were performed, and minipumps (ALZET model 1002; 0.25 ml/hour, 100-ml capacity) containing either sPirB (1 mg/ml) or BSA (1 mg/ml) (VWR EM-2930) in 0.1 M phosphate-buffered saline were implanted subcutaneously, connected to a cannula. The cannula was inserted just anterior to primary visual cortex (2.5-mm lateral and 3-mm posterior to bregma).
Arc mRNA induction and in situ hybridization Arc mRNA was induced by placing mice overnight in total darkness (16 to 18 hours), followed by bright illumination for 30 min to permit vision through the open eye before euthanasia via isoflurane anesthesia and decapitation (8) . A digoxigenin-labeled Arc antisense mRNA probe was used for colorimetric in situ hybridizations performed on brain sections (8, 33) . Images were acquired via brightfield microscopy and analyzed using the Line Scan function of NeuroLens software to measure the width of the Arc mRNA hybridization signal ipsilateral to the open (nondeprived) eye along L4 of the visual cortex, at the 3 to 4 border ( fig. S1 ). Multiple sections were scanned and averaged per animal (for example, Fig. 2 ).
VEP recordings
Animals were anesthetized with urethane (0.6 to 1.2 g/kg; Sigma) and chlorprothixene (5 mg/kg; Sigma), and at incisions with lidocaine (2%, Sparhawk Laboratories), and then the scalp was exposed and the minipump was cannula removed. After a craniotomy centered over V1, a glass pipette filled with ACSF (artificial cerebrospinal fluid) was inserted to record local field potentials at a depth of 450 to 600 mm. Responses to sinusoidal grating stimuli were averaged over stimulus blocks, and a peak response amplitude within a 500-ms window after stimulus onset was determined. Visual acuity was estimated by finding the x-intercept of a semilogarithmic regression of response amplitudes across different spatial frequencies (11, 29) .
Statistical analyses
All statistical analyses were performed with Prism software (Graphpad). When only two groups were involved, two-sample t tests were used, with Welch's correction for unequal variances applied where appropriate. Data for which a normal distribution could not be assumed were analyzed with Mann-Whitney U tests. In cases where both treatment/ genotype and visual manipulation or hemisphere were varied, a twoway ANOVA was conducted, with Tukey post hoc tests for individual pairs of columns.
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